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Dissipative solitons are non-decaying out-of-equilibrium entities that result from double balances
between gain and loss, as well as nonlinearity and dispersion. Here we describe a scenario where
establishment of double balances relies on existence of multiple collective excitation channels in open-
dissipative quantum systems. It differs from conventional single-channel double-balance scenario
governing dissipative solitons such as dissipative Kerr solitons, in that the soliton itself arises in
a decoupled excitation channel and hence coherent nonlinear dynamics, but its background state
corresponds to other channels and determined by the balance of gain and loss. We demonstrate
through a spinor polariton Bose-Einstein condensate (BEC) under spatially uniform non-resonant
pumping, where we show the existence of dissipative magnetic matter-light soliton that represents
an exact solution to two-component driven-dissipative Gross-Pitaevskii equations. It manifests as a
localized spin polarization with the background state being linearly polarized, and does not decay
when propagating in the dissipative medium. Our findings offer new benchmarks as well as a new
route for understanding and realizing dissipative solitons.
Solitons are localized wave packets capable of main-
taining their shape in propagation. In Hamiltonian sys-
tems, solitons originate from a single balance between
dispersion and nonlinearity [1–4]. In distinct contrast,
dissipative nonlinear systems typically involve gain and
loss of matter or energy [5–7], where solitons usually ex-
ist within a finite lifetime before eventually vanishing.
Remarkably, the composite balances of gain and dissi-
pation, along with dispersion and nonlinearity, provides
core mechanisms for forming solitons that do not decay,
and so define dissipative solitons [8–12]. Dissipative soli-
tons are not only of fundamental interests as a nonlinear
dynamics problem per se or as intriguing collective exci-
tations in far-from-equilibrium quantum matter, but also
provide potential resources for practical applications [12–
15] such as in optics and information processing where
dissipative effect cannot be ignored. In the quest of dis-
sipative solitons, exact solutions play important roles as
they provide some benchmarks for understanding generic
physical mechanisms behind soliton formation in various
dissipative systems. However, exact solutions are few and
far between, and it is challenging to search for exact dis-
sipative soliton solutions that shed light on new scenarios
to establish double balances in dissipative nonlinear sys-
tems - the latter, reciprocally, opens the route toward
more new dissipative solitons.
In this Letter, we describe and analyze a novel type
of vector dissipative soliton - referred to as dissipative
magnetic soliton, which represents an exact solution to
driven-dissipative two-component Gross-Pitaevskii (GP)
equation that describes a spinor polariton Bose-Einstein
condensates (BEC) formed under spatially uniform non-
resonant pumping [7, 16–18]. It is a localized spin po-
larization on top of a spin-balanced density background,
which, remarkably, can move without decaying, as op-
posed to most matter-light solitons in polariton BECs
that exist in finite lifetimes [19–29]. This exact solution
allows us to reveal the mechanism underlying dissipative
magnetic soliton, i.e., a bi-channel double balance [see
Fig. 1]: The soliton is contained in the nonlinear spin-
polarization dynamics which is decoupled from the dy-
namics of reservoir and density of condensed polaritons
and consequently coherent, with a profile manifesting a
balance of nonlinearity and dispersion; on the other hand,
the background state for the soliton corresponds to the
spin-balanced density of condensed polaritons, which is
dictated by the balance of gain and loss. This bi-channel
double-balance principle makes the dissipative magnetic
soliton significantly distinctive from conventional dissipa-
tive solitons in complex Ginzburg-Landau equation (see
e.g. Refs. [5, 12, 30, 31]), where composite balances oc-
cur in a single excitation channel, as well as from recently
found dissipative polariton solitons, which rely on partic-
ular forms of pumping such as Gaussian(-like) nonreso-
nant pumping [21, 24, 25] or resonant pumping [32, 33]
rather than a constant non-resonant pumping as consid-
ered here.
We illustrate the central idea of our work by con-
sidering a spinor polariton BEC formed under uniform
non-resonant pumping in a wire-shaped microcavity, as
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2FIG. 1. Schematics of bi-channel double-balance scenario
for producing dissipative magnetic soliton in a spinor polari-
ton BEC under nonresonant pumping. Condensed polaritons
with loss rate γC are continuously replenished from reservoir
polaritons at rate R. Reservoir polaritons decay at rate γR
while subjected to a uniform pumping P . Polaritons in the
reservoir and condensate also interact with each other mod-
eled by gR. On top of the steady state, there exist two ex-
citation channels - density and spin polarization - which are
usually coupled. When the gain balances loss fixing the back-
ground density, nonlinear spin-polarization dynamics takes
place in an isolated channel rendering a soliton profile that
manifests a balance of nonlinearity and dispersion.
motivated by Ref. [34]. The order parameter for the
exciton-polariton BEC is a two-component complex vec-
tor [35–39], which at quasi-1D is effectively described by
ψ(x, t) ≡ [ψ1(x, t), ψ2(x, t)]T , where ψ1 and ψ2 are the
spin-up and spin-down wavefunctions. The evolution of
the order parameter is governed by the driven-dissipative
GP equations coupled to the rate equation for the density
nR of the reservoir polaritons [21–23, 26, 40], i.e.,
i~
∂ψ1
∂t
=
[
− ~
2
2m
∂2
∂x2
+ g |ψ1|2 + g12 |ψ2|2
]
ψ1
+ gRnRψ1 + Dsψ1, (1)
i~
∂ψ2
∂t
=
[
− ~
2
2m
∂2
∂x2
+g |ψ2|2 + g12 |ψ1|2
]
ψ2
+ gRnRψ2 + Dsψ2, (2)
∂nR
∂t
= P −
[
γR +R
(
|ψ1|2 + |ψ2|2
)]
nR. (3)
Here, m = 10−4me is the effective mass of polaritons
(me is the free electron mass), g12 and g are the in-
teraction constants for opposite-spin and same-spin po-
laritons, respectively. The VR = gRnR comes from the
interaction between condensate and reservoir polaritons,
with the interaction constant gR being spin-independent.
The condensed polaritons with a finite lifetime γ−1C are
continuously replenished from reservoir polaritons at a
rate R. This gain and loss process is captured by
Ds = i~ (RnR − γC) /2. The reservoir characterized by
a decay rate γR is driven by a spatially uniform and off-
resonant continuous-wave (cw) pumping P . Hereafter
we will denote by n1(2) =
∣∣ψ1(2)∣∣2 the density of spin-up
(spin-down) components. Since for typical polaritonic
systems g > 0 and g12 < 0 with |g12|  g, the steady
state condensate of above equations is linearly polarized
with a stochastic polarization direction due to the ab-
sence of pinning [16]. For collective excitations on top of
the condensate, there are two excitation channels which
correspond to the density n = n1 +n2 and spin polariza-
tion n1 − n2, respectively. We aim to show below that
there exist exact vector soliton solutions ψs ≡ [ψs1, ψs2]T
to Eqs. (1)-(3) under the condition
Dsψs = 0. (4)
As we will see, a key consequence of Eq. (4) is that the
nonlinear dynamics of spin-polarization becomes decou-
pled and coherent, generating a localized soliton unaf-
fected by the polariton loss, regardless of the coupling
strength between the polariton BEC.
To find the analytical expression of the traveling soli-
ton solution ψs(x − υt) with υ being the velocity, we
write the two-component order parameter ψ in terms of
densities and phases as following(
ψ1
ψ2
)
=
√
n0
2
( √
1 + δn1e
iϕr2√
1− δn2e−iϕr2
)
eiϕg/2e−i
µRt
~ . (5)
Here n0 is assumed to be a constant density, and µR =
gRγC/R. The dimensionless variables δn1,2(x − υt) are
defined from n1 = n0(1+δn1)/2 and n2 = n0(1−δn1)/2,
respectively. In addition, ϕr and ϕg label the relative and
global phases of ψ1 and ψ2, respectively, and we shall de-
note η = x−υt for simplicity. Imposing boundary condi-
tions limη→±∞ δn1(2)(η) = 0 and limη→±∞ ∂ηϕr(g)(η) =
0, we find [41] that Eqs. (1)-(4) can be exactly solved by
Eq. (5) for n0 = P/γC − γR/R and nR = γC/R, and
δn1 = δn2 =
√
1− U2sech
[ η
ξs
√
1− U2
]
, (6)
ϕr = arctan
[ sinh( ηξs√1− U2)
U
]
+
pi
2
, (7)
ϕg = −arctan
[√1− U2 tanh( ηξs√1− U2)
U
]
− arctan
[√1− U2
U
]
. (8)
Here U = v/
√
n0(g − g12)/2m is dimensionless velocity
and ξs=~/
√
2mn0(g − g12) is the spin healing length.
In Fig. 2(a), we illustrate the density distribution of
a moving soliton with U = 0.6, which preserves its
shape during motion. The soliton profile at t/τ = 15
with τ = ~/(g − g12)n0 is shown in Figure 2(c). Note
limη→+∞ ϕr − limη→−∞ ϕr = pi, i.e., the relative phase
exhibits an exact pi-jump, while for the global phase ϕg,
the phase jump is not universal and depends on U [see
3FIG. 2. Properties of a moving dissipative magnetic soliton. (a) Density distribution in space and time [see Eq. (6)]. (b) Stokes
parameters according to Eq. (9). (c) Distribution of density of n1 = |ψ1|2 and n2 = |ψ2|2, relative phase ϕr and global phase
phase ϕg at dimensionless time of t/τ = 15. In panel (c), exact analytical solutions are compared to numerical solutions from
Eqs. (1)-(3) (see main text). In all plots, the parameters are chosen as γC = 0.01ps
−1, R = 0.01ps−1µm2, g = 0.01meVµm2,
P = 0.41ps−1µm2, γR/γC = 40, g12/g = −0.1, and U = 0.6.
Fig. 2(c)]. Further, we have numerically solved Eqs. (1)-
(3), taking the initial order parameter given by Eqs. (5)-
(8) for t = 0 along with nR(0) = γC/R. Comparisons
of numerical results at t/τ = 15 with analytical solu-
tions show perfect agreement between the two [see Fig. 2
(c)]. We have further numerically verified the stability
of the soliton by time-evolving an initial order parame-
ter where n1(0) − n2(0) is perturbed from Eq. (6) while
keeping n0 = n1(0) + n2(0) fixed.
The vector soliton solution given by Eqs. (5)-(8) rep-
resents a localized spin polarization residing on top of a
linearly polarized background state (i.e., a magnetic soli-
ton). In characterizing the polarization property of the
soliton, we use the experimentally accessible Stokes pa-
rameters [36, 42, 43]. The distribution of the linear and
circular polarization degrees of the soliton are defined by
Sx(η) =
2<(ψ∗1ψ2)
n0
, Sz(η) =
(|ψ1|2 − |ψ2|2)
n0
. (9)
As illustrated in Fig. 2(b) [41], the moving soliton is
strongly elliptically polarized for η < lw with lw =
ξs/
√
1− U2 being the soliton width. Right at the cen-
ter, Sz(η) =
√
1− U2 is maximum. Far from the cen-
ter, the soliton becomes linearly polarized with equal
occupation in spin-up and spin-down components, i.e.,
limη→±∞ n1 = n2 = n0/2. But the linear polarization
degree flips its direction across the soliton profile from
one side to the other due to the pi jump in ϕr. The total
spin polarization degrees of the soliton is
∫
dηSz(η) = piξs
independent of the velocity U . Since this magnetic soli-
ton features spin-balanced density background, it differs
from other vector solitons in polaritonic systems, such as
dark-bright solitons [26], where the background state is
spin-polarized.
Remarkably, when moving in the dissipative system,
this magnetic polariton soliton preserves its energy, i.e.,
it is a dissipative soliton. Following Refs. [20, 26, 44], the
energy E of the soliton is calculated according to
E =
∫
dxψ†
(
− ~
2
2m
∂2
∂x2
)
ψ +
g − g12
4
∫
dx[n1 − n2]2
+
g + g12
4
∫
dx [n1 + n2 − n0]2 . (10)
Using Eqs. (1)-(3), along with soliton solutions (5)-(8),
we obtain [41]
dE
dt
= −2<
∫ [
Ds
(
∂ψ∗1
∂t
+
∂ψ∗2
∂t
)]
dx = 0, (11)
where < denotes the real component, and Ds is defined
in Eqs. (1)-(2).
Dissipative magnetic soliton in Eqs. (5)-(8) features a
constant n0 across the soliton profile. This is enabled
in our case by the stable balance between the gain and
loss which maintains the density of the condensed polari-
ton at n0 = P/γC − γR/R for given system parameters.
Thanks to Eq. (4), on the other hand, one can obtain a
closed real equation for circular polarization degrees, i.e.,
[dSz(y)/dy]
2
+S4z (y)−
(
1− U2)S2z (y) = 0 with y = η/ξs.
The solution to this equation [i.e., Eq. (6)] therefore re-
sults directly from the competition between the kinetic
energy and the nonlinear interaction. The double bal-
ance picture undelying dissipative magnetic soliton is in
crucial contrast to the well known dissipative Kerr soli-
ton solution [12] of the complex Ginzburg-Landau equa-
tion. There, the composite balances take place in a single
excitation channel, whereas dissipative magnetic soliton
stems from separate balance in two decoupled channels,
i.e., the balance of gain and loss fixing background den-
sity, and the balance of nonlinearity and dispersion in the
spin-polarization channel dictates soliton profile. In po-
lariton condensates, other dissipative solitons have been
reported [19, 21, 24, 25, 32, 33], which form from single-
channel double balance (mostly in density channel), and
either require spatially dependent pumping or resonant
pumping, while a uniform nonresonant pumping is used
here.
4FIG. 3. Visualization of the decoupling of spin-polarization
channel from the density channel through linear excitations.
Panels (a) and (b): (a) real and (b) imaginary parts of the
energy of density excitation ~ωD and energy ~ωS of spin-
polarization excitation. Solid curves depict numerical so-
lutions of Bogoliubov’s equations, and the curve with cir-
cles indicate analytical solutions. Panels (c)-(d): Density
static structure factor SD(q) and spin-density static struc-
ture factor SS(q) when the spinor polariton BEC is subjected
to a perturbation in the form (c) λei(qx−ωt) + H.c and (d)
λσze
i(qx−ωt) + H.c (see main text). In all plots, we have used
the same parameters as in Fig. 2.
We note that exact solutions of the form in Eqs. (6)-(8)
are previously known to exist in equilibrium atomic two-
component BECs [45–48] under the condition g−g12  g.
There, the soliton is purely sustained by the nonlinear ef-
fect compensating dispersion, and relies on the ”energetic
mechanism” to physically ensure an (approximately) un-
perturbed n0: When g − g12  g, creating consider-
able density depletion will cost substantial energy, and is
thus strongly suppressed even at the center of the soli-
ton. Instead, dissipative magnetic soliton is inherently
non-equilibrium and relies on a ”gain and loss” mecha-
nism to fix n0, thus it can exist beyond the condition of
g − g12  g, such as here in polaritonic systems where
typically g > 0 and g12 < 0 [7, 16–18].
To gain more physical understanding that nonlinear
spin-polarization dynamics is decoupled from other exci-
tation channels and is coherent, which is crucial for the
non-decaying property of the magnetic polariton soliton,
we note that linear excitations can be viewed as build-
ing blocks of nonlinear excitation. In this light, it is
beneficial to analyze the properties of linear spin po-
larization excitation, such as the spectrum and linear
response function which are observable, as we describe
below and detail in supplementary material [41]. To de-
scribe a spinor polariton BEC perturbed from the steady
state in the linear regime, we can substitute Eq. (5)
into Eqs. (1)-(3) and follow the standard Bogoliubov-
de Gennes (BdG) approach. The resulting equation for
eigenenergy ~ωq of excitations is [(~ωq)2 − (~ωS)2] ×
{(~ωq)3 + i (Rn0 + γR) (~ωq)2 − [Rn0γC + (~ωB)2]~ωq +
ic (q)} = 0, where ~ωS =
√
ε0q
[
ε0q + (g − g12)n0
]
,
~ωB =
√
ε0q
[
ε0q + (g + g12)n0
]
, and c(q) = −(Rn0 +
γR)(~ωB)2 + 2gn0γcε0q, with 0q = ~2q2/(2m) being the
free-particle energy. This obviously entails two decoupled
equations: the quadratic equation immediately yields
~ωq = ±~ωS for the energy of the spin-polarization ex-
citation, whereas the cubic equation reflects the cou-
pled linear excitations in the reservoir and density chan-
nel of polariton BEC. Importantly, we see that ωs is
purely real, regardless the reservoir is fast or slow com-
pared to the polariton BEC; see Fig. 3(a). This fea-
ture of the linear spin polarization excitation is in con-
trast to the linear density excitation which generically ex-
hibits a complex energy ~ωD and eventually damps out,
as can be transparently seen in the fast reservoir limit
γR/γC  1. There, adiabatic elimination of the reser-
voir enables a simple expression ~ωD = −iΓ/2 ± ~ω0,
with ~ω0 =
√
ε0q
[
ε0q + (g + g12)n0 − 2gR~Γ/R
]− Γ2/4
and Γ = n0n
0
RR
2~/(γR + n0R). Note ωD is purely
imaginary for |q| ≤ qc due to the polariton loss, with
qc =
√
m(
√
α2 + Γ4/4− α2)/~2. In Figs. 3(a) and (b),
we have plotted the complex spectrum of linear density
excitation in the fast reservoir limit, comparing analyti-
cal results with numerical solutions of the BdG equations.
The two agree well with each other.
Turning next to the linear response, suppose the spin
polariton BEC is subjected to an external density per-
turbation standardly described by λei(qx−ωt) + H.c with
λ 1. We are interested in the system response charac-
terized by the density static structure factor SD(q) and
the spin-density static structure factor SS(q) [49]. For
simplicity, we assume fast reservoir limit and analytically
derive SD(q) as [41]
SD(q) =

ε0q
pi~|~ω0| log
(
Γ+2|~ω0|
Γ−2|~ω0|
)
4ε0q
pi~Γ[
1
2 +
1
pi tan
−1
(
4ω20−Γ2
4Γω0
)]
0q
~ω0
q < qc,
q = qc,
q > qc
(12)
We also find SS(q) = 0. As shown in Fig. 3(c), we have
limq→∞ SD(q) → 1, with physical implication that the
linear response of polariton BEC under a density per-
turbation is exhausted by density excitation, without
generating excitations in the spin polarization channel.
If the system is instead subjected to a spin-dependent
perturbation λσze
i(qx−ωt) + H.c, we can derive SS(q) =
~q2/(2mωS) which approaches unity for q → ∞ and
SD(q) = 0 [see Fig. 3(d)]. This further corroborates that
a spin polarization perturbation only induces spin exci-
tations. With above spectrum and linear response anal-
ysis, we conclude the linear spin-polarization excitation
5on top of the linearly-polarized condensate in our system
comprises a closed channel unaffected by the loss effect,
providing the base for forming a non-decaying nonlinear
excitation.
In summary, we have introduced dissipative magnetic
polariton soliton representing an exact solution to driven-
dissipative two-component GP equations, which mani-
fests a bi-channel double balance that can serve as a new
scenario for forming dissipative solitons in generic multi-
component dissipative nonlinear systems. This result
further enriches our understanding of the vector matter-
light solitons, and can be of interest along the line of ul-
trafast information processing, where polariton solitons
have been identified as promising candidates due to their
picosecond response time. While in our illustration the
condition of Eq. (4) reduces to Ds = 0, it will be in-
teresting in the future to extend the underlying essen-
tial idea to achieve non-decaying solitons in more generic
cases where Dsψs = 0 rather than Ds = 0 holds. In
a broader context, multi-component dissipative nonlin-
ear system are widely seen, including mode-locked lasers
and optical microresonators [8, 9]. The bi-channel dou-
ble mechanism reported in this work and its variants may
lead to new dissipative solitons in these systems.
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